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Abstract— The electromagnetic waves at frequencies from 0.1 THz (100 GHz) to 10 THz is referred to as terahertz (THz) waves, which 
are located between microwaves and infrared light waves, and have remained unutilized for our life. Thanks to tremendous efforts of 
research and development over two decades, THz technologies have proven lots of capabilities which are not available with conventional 
radio waves and/or light waves. In this paper, we describe how efficiently THz waves can be generated and detected by contemporary 
photonics technologies, and present recent emerging applications including wireless communications, spectroscopy, and imaging. 
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Challenges to exploring millimeter- and terahertz 
waves (electro-magnetic waves at frequencies 
from afew tens gigahertz to terahertz) 
with use of “photonics” technologies. 


= Background & motivation 
=» Approaches 

= Enabling devices 

= Recent applications 
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History of Exploring E-M Waves 


Radio Wave *::*:***» Lightwave 
Until 19% Centuy ——  — —  — : E — 
م‎ Only visible light utilized 


Discovery of E-M waves: J.C. Maxwell (1864) 
Experiment: H. Hertz( 1868) 
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Late 19% Century — B 


NM Experiment of Radio Transmission: Discovery of X-ray: Roentgen 
| Marconi (1895-1898) o 1895 
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20' Century inc] 
Higher Frequency Optical Fiber (1.3 - 1.5um) 





ይ. 





10062 - 10THz 





21* Century 





Undeveloped (Terahertz gap) 
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Radio Wave and Light Wave 





km m mm um nm 
| | | | | | | | | | | | | | 
Wavelengthio 1 100 10 1 100 10 1 100 10 1 100 10 1 


Microwave | 


Longwave 
Far Infrared 
Near/Medium 
Infrared 





Mediumwave 
Shortwave 
Ultrashortwave 
Extremely 

Ultrashortwave 
(narrow definition) 

Millimeter- 
Submillimeter- 


Microwave 





Frequency 30 300 3 30 300 3 30 300 3 30 300 3 30 300 
| | | | | | | | | | | | | | 


k (103) Hz M(10) Hz G(10)Hz  T(1012)Hz P (1015) Hz 


a 


f 








= Microwave 
Photonics/ 
THz photonics 
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Definitions 





EL as “Terahertz waves” 
(UMW) (THz Waves) 


F 
(f 30 GHz — 300 GHz 0.1 THz (100 GHz) 
—10 THz 
Wavelength 
A 10 mm - 1 mm 
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Why Undeveloped? 


Technically difficult for us... 





“Signal detection” 
“Receiver” 
“Signal generation” sensitivity 
“Transmitter” bandwidth 
output power 
stability N 
controllability 





Generation is more crucial !! 
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Limits of Electronic and Photonic Devices 





1 THz ~ 1 psi ~ 300 um —|4meV — 50K 
E=hf=kT 


Approach with “Electron” Approach with “Photon” 
(via Radio waves) (via Light waves) 
Barrier of electron velocity Barrier of temperature/band gap 
Planar Transistor Semiconductor Laser 
Base Emitter 





electrode 
or(SiO2) Electrode 


electrode 


Active 
layer 




















Electrode 


Collector electrode | 
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InP-based HEMT Scaling 





Cutoff Frequency vs. Gate Length 
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Power Limitation of Current Devices 


10° | 








Electronics Photonics 
104 
IMPATT THz 
= 1000 Gap 
e MMIC | 
. 100 | 
o Hz QCL IIl-V Laser 
O 10 
A. 
3 1 Lead Salt Laser 
5 0.1 L xer 
0.01 | tomixer 
0.001 
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Frequency (THz) 


RC, 7 : Transport Transition: hv/kT 
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Birth and Death 











Largest Telescope to Explore Universe 


tacama Large Millimeter/submillimeter Array 


r (7 እኝ UN "e 
ኣብ ‘ney ፡ ; $7 N 
S A ¿Y tae 


“ê Origin of life is in the 
universe ? 


Locking signals are delivered with fibers : 
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My hand emits.... 
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Black-body Radiation 


Any object with temperature emits E-M waves 








Relative 
Radiation Power 


10 ° 10 '5 10" 10? 10 ፤' 10° 
Frequency (Hz) 
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Now, We Have Two Technologies!! 


Optical fiber Wireless 


(light wave) (radio wave) 
communication technology 


technology g7 
እ. 





Ultra-fast, broadband Ultra-low power 
electronic/photonic devices, electronic devices 
and photonic signal Highly functional digital 


processing electronic signal processing 
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Started to be Combined in Communications 





"Radio-over (on)-fiber (RoF) technology" 


Radio wave . ^ t ር Radio wave 
space Transparent” fiber networ space 


USD YAA Go 
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Radio-over-Fiber (RoF) Technology 


Radio | . Base station 


| — o 
LIE 


Tioht IN] ሠ. Optical fiber Divider | 
ያ base station i Mixer T — 
pL Remote Divider | x» Antenna Antenna ^ 

base station 1 Underground 


shopping malls 
stations 










Optical fiber = 


= 
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— 
U: 
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amplifier | ZH ኻኢፌሥኤ 
Y a 8 Vehicle/train tunnels 
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Use of Photonics in Exploring THz Waves 


Advantages: wide bandwidth, tunability, stability 
distribution at long distances 







Radio-wave 
(THz-Wave) 
Technology 
based on 
Electronics 











Photonics 
Technology 
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“Breakthrough: Photonic Generation & Detection 





setup for spectroscopy and/or imaging 
Photodiode 


Photoconductive Antenna 
Electro-optic Crystal 


48. 
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Photoconductive Antenna 
Electro-optic Crystal 


Pulse/CW 










Optical 
Signal 
Source Detected 


Signal 


Pulsed MMW/THz Technology 
ብ. ner -ጎ.- Tapung Emitter/detector 
laser 


| mm Electro-optic (EO) crystal 
Photoconductive (PC) antenna 
Photodiode (PD) 















Emitter 





Optical delay 
— 
Probe pulse 


€ 
Time m Amplitude 


M. Ashida et al., IRMMW/THz 2008. 
1. Katayama et al., APL, 27, 2010. 





I 
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Amplitude (a.u.) 


Emitter: DAST crystal 
Detector: (a) PC antenna 

(b) Filter & Power detector 
Laser pulse: 5 fs 





0 50 100 150 200 
Frequency (THz) 
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Recent: From Pulse to CW: T to F 
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Laser-Pulse MMW/Terahertz: 

v Proven to be powerful and useful over 2 decades since 
early1980s 

v Established as early industry-standards 

v Because of unprecedented ultra-short “Time” 


CW MMW/Terahertz: 


v With accurately controlled “Frequency” 
v Offers more functionality 
Generation/Signal Processing (formatting, modulation, etc) 
Detection/Signal Processing (demodulation, signal recover, A/D, etc) 
v Extends application areas 
Communication, Sensing, and Measurements 
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My First Encounter with MMW & sub-MMW 





J. Appl. Phys. 54 (6), pp.3302-3309 (1983) . 


Flux-flow type Josephson oscillator for millimeter 
and submillimeter wave region 
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T. Nagatsuma, K. Enpuku, and F. Irie 
Department of Electronics, Kyushu University, Fukuoka 812, Japan 


K. Yoshida 
Department of Electrical Engineering, Nagasaki University, Bunkyo-machi 1-14, Nagasaki 852, Japan 


(Received 15 November 1982; accepted for publication 3 February 1983) 


An oscillator which utilizes the effect of the vortex motion in long Josephson tunnel junctions, i.e., 
flux flow, has been presented in millimeter and submillimeter wave region. An electromagnetic 
wave generated by the oscillator is detected with a small tunnel junction as a detector with a 
refined coupling configuration. Quantitative evaluation of the detected power showed that the 
detected power attained the value of 10^ W in the frequency range between 100 and 400 GHz, 
which is far superior to previous results. Frequency and magnetic field dependences of the present 
system were also measured, which showed that the output power was able to be controlled by the 
de magnetic field. The present oscillator will be promising as the local oscillator in the integrated 


Josephson receiver systems. 
PACS numbers: 74.50. -- r, 55.25. -- k 
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Flux-Flow Oscillator (FFO) 


f = Vde/®, SZ AC current 
483.6 GHz/mV 


(100GHz~700GHz) 








Superconductor 


Pe Z Quantized flux 


Applied magnetic field 


Superconductor 
Insulator 
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Integrated superconducting receiver for atmosphere monitoring 


at 500-650 GHz 
(TELIS project: TErahertz and submm LImb Sounder) 


8 8 0 | | 
| | | I l 2 
| 
1 | " 










FFO 
(Local 
oscillator) 
400 x 
8-16 um* 


Antenna | 
and mixer | 
(0.8 um?) 


ISEC 2007 "Integrated Receivers for Space" by V. Koshelets 
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History... 











1980 1990 2000 2010 
A A 
Optical MW 1% MWP Miçrowave photonics 
interactions (1996) 
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A A 
Electro-optic THz|TDS THz imaging 
sampling: EOS (1990) (1995) Terahertz photonics 
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m Background & motivation 
s» Approaches 
a Enabling devices 

a» Recent applications 
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CW MM/THz-wave Emission by Photonics 


Enhancing the bandwidth of RF electronics 






))) 








Optical 
Fiber 


] Photodiode ሥሌፖሥ ፍህ ሥኒ 
Ael በጠ Photoconductor 
Electro-optic Crystal 


Features 








* Extremely wideband 


* Widely and precisely Tunable 
e Low-loss transmission with optical fibers 
e Small size of frontend 
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CW Optical MM/THz-wave 





A, (f}) 


=» fifa 





Af = CAA/A2 


weh 
2 2 





~Photo-mixing”, or “Optical heterodyning” 


ፌዴ f,- و‎ 


Radio wave frequency 
(1GHz - 1THz) 


OE converter 
(Photodiode/ 
Photoconductor) 
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CW Optical MM/THz-wave Sources 


Highly Coherent Sources 


DE. - Optical 
/ Filter 


lo 





AAA fo ነ 
Wavelength a A Wavelength a 


Noise Sources 
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Photodiode Technologies 


Conventional pin PD 


"Surface illuminated" 






Light 8 _ 

Z O 

2 2 

.63 0 

p-contact a = 9 
8 c 

/፡ ወ 
Light absorption VB $0 Photocarriers 


layer (InGaAs) 


Band diagram 





Layer Structure 
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Approaches to Enhancing Performance 
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otructure design: higher efficiency, bandwidth 
v Hefracting facet 

v Waveguide PD, evanescently coupled 

< Traveling-wave, distributed 


Carrier transport design: higher current 
y UTC-PD, PDA, etc. 


Circuit design: higher bandwidth 

v Matching circuit canceling capacitance 
« Antenna integration 

v Array, power combiner 
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Structure Engineering 


A : | [| 
bsorption layer-—— ^ ^. | .—4 Refracting facet PD 
















Refracting facet S.l. InP 
— قت‎ Lee), © 
waveguide 
EEE E 
4ሁዛሁዛ pu 
Liaht | drift | 
gt iia ~ (D) 
— . B) 
Waveguide (WG) Pp OPO 
Absorption 
جد >> ]| سه‎ (E) 
— 
drift Distributed structure — led, «— 
Evanescently coupled WG PD (C) (F) 
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Menu of “Hamburgers” 
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p p Be Light 
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0 0 
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Modified UTC-PD (Composite Structure) 


p-doped 
absorption layer 
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diffusion block layer 










p-contact 
layer 






Output power (dBm) 


200 


un-doped 
absorption layer 





300 400 500 
Frequency (GHz) 
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600 


A. Wakatsuki et al., 
IRMMW-THz 2008. 
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(A) W-band (75-110 GHz) " 


(B) Equivalent circuit 


"relax CR time constraint" 


(C) J-band (220-325 GHz) 
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Maximum 11 uW at 1 THz 
(14 mA) 
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Detected power (uW) 
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Output Power from PDs 





Maximum detected power (uW) 
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Enhancing Output Power by Combiner 


Chip Structure 





1 mW (0300 GHz 


6 @ 18 mA per PD 
N 
0 E 


Output power (dBm) 
S Oo 


E 
00 





Photocurrent per PD (mA) 


H. J. Song et al., 2012 Asia-Pacific Microwave Photonics Conference. 


K. Arakawa et al., 1bid. 


H. J. Song et al., IEEE Micro. Wireless Compo. Lett., Vol. 22, No. 7, pp. 363-365, 2012. 
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Commercially Available from NEL 


Optical Fiber 


UG-387/U Flange 


Output power (dBm) 


-——-L---L--—--r. 
tT T "T 





60 100 140 180 0 200 400 600 800 1000 
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CW-THz Detectors 
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— | Electronic —» 
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LO Signal 
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m Background & motivation 
a Approaches 

a Enabling devices 

= Recent applications 


Wireless communications 


Spectroscopy 
Imaging 
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Trends in Communications 
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10 


Carrier vs. Data Rate 


Wireless LAN 
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Not yet 
allocated 
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Q 0 120 GHz 
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First Field Demonstration 
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Broadcasters Needs 


PUN 1S 
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Shannon Proves... 


Shannon theory 
R (bit/s) = B (Hz) log, (1 + S/N) 





Energy efficient, cost 


VS effective, and .... 








一 一 = , Frequency THz waves 
ES = Space 
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Who Pays for THz? 


1) Broadcasting 
uncompressed HD x N:1.5 Gbit/s x N 
uncompressed UHD (SHV):72Gbit/s, 144 Gbit/s 
uncompressed 3D w/ HD or UHD > >200 Gbit/s 














2) Medical 
more reality in color and increased resolution for diagnosis 
huge image data handled at real time for surgery 
wireless data transfer required in surgery rooms 
no latency for remote medicine 


3) General consumer ?? 
cheaper and smaller 
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Future NFC 





Ultra fast: >100Gbit/s wireless =>12.5GB/s 
+ Low-power operation 
+ Small in size (including antennas) 


Data ም. / Smart 
transfer d 7^ phone 





Memory 
devices 





Wireless 


energy transfer 





We do not bring notebook PCs. 
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T. Nagatsuma et al., Optics Express, 21, Issue 20, Page 23736 (2013). 
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Towards 100-Gbit/s Wireless 


Transmitters based on "photonic" signal generation 


75-110 GHz 


120 GHz 


240 GHz 


300 GHz 
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40 Gbit/s: 16QAM > BER= 1.9x10E-3 (off-line DSP) 
A. Kannno et al., Opt. Lett., 19, 2011. 

100 Gbit/s: 1I8QAM+Pol. MUX > BER=2x10E-3 (off-line DSP) 
S. Pang et al., Opt. Express, 19, 2011. 

108 Gbit/s: 2x2 MIMO >BER=3.3x10E-3 (off-line DSP) 
X. Li et al., Optics Lett., 37, 2012. 


10 Gbit/s: ASK (SISO) > Error free (BER<10E-11) 
Hirata et al., IEEE MTT, 54, 2006. 


100 Gbit/s: 16QAM - BER- 4.1x10E-3 (off-line DSP) 
S. Koenig et al., OFC/NOFC 2013. 


40 Gbit/s: ASK (SISO ) Error free 
T. Nagatsuma et al., Opt. Express, 21, 2013. 
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Enabling Technologies: Tx 
e gna Antenna 


Post-amplifier 
Electrical RF Electrical NM Y 
signal generator modulator Lom 
Gunn diode 4 multiplier Diode Amplifier IC 
Oscillator IC, RTD, etc. mixer 














Photonics (O/E) based Tx 











DATA signal | DATA signal 
E ptical 
amplifier : 
በር በረ Optical O/E ከ 
በከነ በ modulator converter 2 


Infrared EOM EDFA PD Amplifier IC 
lasers, etc. EAM SOA 
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Enabling Technologies: Rx 





Direct detection 


Antenna 
Yo. — 
cantor 
上 一 DATA signal 
Amplifier IC ee 1 Baseband IC 





Coherent detection ! 
LO signal | ብርማ 

source Gunn diode + multiplier, etc. 
Photonically-generated LOs 






Antenna 


Pre- — 
- Electrical 
demodulator 


DATA signal 


Amplifier IC Diode mixer IF/baseband IC 
Photodiode 
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Role of Photonics in THz Wireless 





* Technology driver for THz wireless research 


Early demonstrator to explore applications 
Key components mostly available 
High performance 


* Convergence with fiber-optic systems 
Seamless bit rate between wired and wireless NW 
Merit of analog RoF: no latency, low cost, low power 


٠ To be a winner” 
Integration makes competitive with electronics 


(Silicon photonics, InP photonics, Hybrid intergarion) 
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Application of Photonics-based Tx 


Seamless between fiber-optic and wireless 





Data 
Fiber-optic link 


! Optical Base-band 
Modulator Photodiode Data 
7 ጻው 


一 全 EC 
Photodiode 
Photo-mixing 


HF 
eir m 
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fo = CAM 


me Photonics-based Tx 





Rx 


THz wave 
=} በ | Toe 
barrier 
diode | diode 
ሥኣ 


Horn anttena 


| Dielectric lens | 0 i, 
ሃሌ amp. Baseband 


Freq. 


Optical freq. b. Limit amp. v 
Optical Pulse-pattern MED TRE 
modulator generator 
WWW À, 


Oscillo- Error 
WN A, scope detector 


C2E2 2015 Page 60 9 January 2015 























Wavelength 
tunable laser 





Wavelength 
tunable laser 





Optical freq. 





Detected Power (uW) 
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100 
80 
60 
40 


20 


Large Bandwidth of PDs 





140 GHz 





- 90 Gbit/s w/ ASK 
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Limitation by Receiver BW 











[1] Antenna [2] Matching circuit [4] Low-pass filter 


Output 
[3] Schottky 


barrier diode 
(SBD) 
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Recelver 
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SISO Transmission at 300 GHz 






TT A 
"-I. 
42 Gbit/s 


Bit error rate 


40 Gbit/s " 
n 





] 
6.0 
Photocurrent (mA) 
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Use of Wideband Detector at 300 GHz 





40 Gbit/s 45 Gbit/s 
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H 
لا‎ ም 4 تت 1 يد‎ x 


Usable BW: 270 GHz > 160 Gbit/s, >105 Ch. HDTV 


450 GHz 





500 GHz 650 GHz 


በኤ 





720 GHz 
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m Background & motivation 
a Approaches 

a Enabling devices 

= Recent applications 


Wireless communications 


Spectroscopy 
Imaging 
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THz Spectroscopy: Motivation 


Absorption peaks or finger prints exist... 
0.9THz 1.5 THz 3THz 





Absorbance (a.u.) 





9 


40 60 80 100 E 
Wavenumber (cm ) 1 cm*= 30 GHz 
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Ultra-broadband Only by Photonics 





Setup for spectroscopy 


Photodiode Photodiode 
Photoconductive Antenna . Photoconductive Antenna 
Electro-optic Crystal Electro-optic Crystal 


Pulse/CW 






Detected 
Signal 






= .@. 


Optical 
Delay 
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ጨጠጩወጩ፡ጭ፡ሠ፡ ሐፈ ወ Systems 





Advantest 
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Towards Low-cost and Compact System 


Wavelength 


fixed laser V _ .ፒ 
[ | 
Splitter Combiner Emitter: UTC-PD 
Wavelength PAN ም 
tunable laser 


Detector: 





7 


5 د‎ መጭ 


— 


— 





| 

| 

ل 

Photoconductor | 

ل 

0.1 Hz 2 kHz Optica orUTIC-PD  ; 
-——— = 
<= (S spectrum | / 

analyzer a 

Amplitude 
Oscilloscope lg - ማስሪ ር. 
Phase Current amplifier 


s. Hisatake et al., IEEE Sensor J., Vol. 13, No. 1, pp. 31-36, 2012. 
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Photo of Setup 
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Frequency Characteristics: SNR 
Water vapor absorption @ 556.936 GHz 
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ዜር ፈው Le = ACCUFACy 





520 540 560 580 600 520 540 560 580 600 
Frequency (GHz) Frequency (GHz) 
B (0 — Wo B y 
Ary, = PTHZ E 


2 ( — wu) t y^ 2 (w — wo)? + y2 
Standard deviation of measurement> 67 MHz 
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Spectroscopic Imaging 





Spectroscopic imaging of two tablets composed of pure 
polyethylene (PE) and 20% theophyline (Thp) in PE at 950 GHz. 


0.8 
07 20% Thp in PE | 

` | — 20% Thp in PE w 7 
0.6] —— PE d | is P 5 2096 Thp 


0.5 | N | | $ iuf in PE 
0.4 fn walls: 


0.3 


Optical density 


0.2 
0.1 
0.0 





Frequency (THz) 


J.-Y. Kim et al., IEEE Trans. Terahertz Science Tech., Vol. 3, No. 2, pp. 158-166, 
2013. 
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Measured by Advantest TAS7000 based on 
pulsed THz imaging. 


— a 
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m Background & motivation 
a Approaches 

a Enabling devices 

= Recent applications 


Wireless communications 


Spectroscopy 
Imaging 
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Example of THz passive imaging system 
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TS4: Thruvision (Oxford, UK) 


Frequency : 250 GHz (20GHz BW) 

Spatial resolution : 3 cm (93 m) 

Field of View : 1.5mX 0.8m(04.5m) 

6 frame/s, Temperature resolution: 1-1.5 'C 
Distance : 3-10 m 

W204 x H556 x D656mm, 24kg 
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At the airport... 
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3-D Imaging with THz Pulse 





THz 1. : : Object : E 
Trigger | 一 


ኣፊዜ 
NL 
a 0 


Detector 


Pulse lase 





Emitter 





Optical delay 


~ Probe (detection) ሠ- 
Time Amplitude 
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What THz can See? 





Paiting Art 


d) lead white 






RN ground 
layer 


Inner skin 


ouperficial skin 


Multi-layer Coating of Paints Tablet Coatings 


pup — 
— ከ... 
m — 
pnm — 
- 
m — 
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zu ~ — 
-— 2 一 
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coat 3 (35um) 





coat 2 (15um) 
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Our Approach: THz OCT 


Intensity 





1 |! y Half Mirror 
coherence 1 I VA. | 
signal source | ^ 
7 = 


T. Isogawa et al., IEEE Trans. ١ 4 የበጠጦሮ ጠጋ ፐ ዝ 
wer 
THz, vol. 2. No. 5, 485 (2012). 
detector 
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— Setup: TD-OCT 








Reference Mirror optical 

Terahertz Wave | electric 
Beam Splitter 
Eum A > 





Movable 
(10kHz) Optical Horn 
Modulator Antenna 
| Pre- — Lock-in- 
ASE noise | SBD Amplifier Amplifier 
.. Optical 
Amplifier — 


| Output 
Low-coherence Signal Source Signal 


UTC-PD : Uni-Traveling Carrier PD / SBD : Schottky Barrier Diode 


C2E2 2015 Page 83 9 January 2015 





Theoretical Depth Resolution 











Broadband THz Source Interference Signal 
(Low-coherence Signal) àc ር 
Af 2 2Íc 
ሥ | = he 
IN \ AZ= DN 
A ii M 
fc Frequency eth difference 
The theoretical depth resolution Is m 
Az=1.1mm 
(fo = 350 GHZ, Af = 120 GHz) Àc : center wavelength 


AX: bandwidth of wave length 


C2E2 2015 Page 84 9 January 2015 


Waveform "Interferogram" 








1 
一 —— Experimenta 
= 0.8 E 
= -== Gaussian fitting 
zZ 0.6 
= 
2 
= 0.4 
0 | 
D 
3 
> 02 
عم‎ 
0 


-10 -b 0 5 10 
Path Length Difference (mm) 


4 Applicable to tomography with 1-mm depth resolution. 
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d : thickness 
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1.0 mm 
3.1 mm 
4.5 mm 


7.0 mm 


9.9 mm 


Plastic 


0 10 
Path Length of 
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3D Imaging : TD-OCT 


LEGO Giraffe 
Front Sıde Backsıde 


Thick Paper 
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3D Imaging : Results 
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THz Swept-source (SS) OCT 


TEC TEC 


E» m [z4 — L| Iz; — L| 


اا 
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Wavelength E 1 E 
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ilm 
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Beam Splitter 一 






A 22 


Single 
Signal 
Detector 


T. Ikeou et al., Tech. Dig. Microwave | 
Photonics (MWP), 2012. Iz; — L| |z;—L| 
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Detected Signal: SS-OCT(300 GHz) 


Signal Power (arb. Unit) 


Signal Power (arb. Unit) 
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(frequency spectra) 
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(point spread function) 
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Incident wave H 


I Reflected 
wave 





Plastic plates with holes of letters 
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uonoopow 


Incident 
Wave 


Top and back surfaces can be discriminated. 
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Swept-source OCT at 600 GHz 





Reflecteo 






Optical 
Amplifier 


t=0.5mm 





Signal Power (a.u.) 


Áo A A, 15 Optical Path Length (mm) 
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Application Examples 
Plastic bottle Front side 









D 1 
= 
O سے‎ 
130.5 
sa 
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Depth Distance (mm) (c) 


0.9-mm thickness can be detected 
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Photonics accelerates MMW/THz applications 
and empowers their capabilities 


¢ THz Wireless Communications 
“Error-free’ 30-50 Gbit/s @ 300 GHz only by photonics 
> 100 Gbit/s @ 600 GHz is expected 
e [Hz Spectroscopy 
Telecom-wavelength based CW system 
2 higher resolution, compact, low-cost 
© THz Imaging 


tomography based on OCT with sub-millimeter resolution 
using 300/600-GHz band 
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Development of THz waves is still a 
great challenge in the 21° century. 
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Thank you for your attention. 


"This is an extremely welcome addition to the growing number of books addressing the terahertz 
frequency region of the spectrum, which has been the subject of spectacular international growth over 
the last twenty years. The editors have brought together a series of articles covering an exceptionally 
broad range of topics, from fundamental principles through to applications. This comprehensive book 
makes not only an excellent introduction for researchers starting out, but also a very useful reference for 
those with experience in the field already." 
Prof. Giles Davies 
University of Leeds, UK 


"THz technologies are expected to deliver lots of potentialities for applications in various fields such 
as spectroscopy, imaging, security, and communications. This book covers a wide range of technical 
breakthroughs in the THz field showing what we can do with THz waves. Authored by an impressive 


selection of experts, this is a great reference source for everyone following this promising technology." 


Prof. Kodo Kawase 
Nagoya University, Japan 


"A truly wonderful and comprehensive overview of THz devices and techniques targeted, amongst 

many other applications, at the most likely mainstream commercial use for THz systems: wireless 
communications." 

Dr. Peter Siegel 

California Institute of Technology, USA 


Terahertz (THz) waves, which lie in the frequency range of 0.1 -10THz, have long been investigated 
in a few limited fields, such as astronomy, because of lack of devices for their generation and 
detection. Several technical breakthroughs made over the last couple of decades now allow us 
to radiate and detect terahertz waves more easily, which has triggered the search for new uses 
of these waves in many fields, such as bioscience, security, and information and communications 
technology. 


This book covers some of the technical breakthroughs in terms of device technologies. It discusses 
not only the theoretical details and typical features of the technology described, but also some 
issues and challenges related to it. In addition, it will be shown what we can actually do with the 
terahertz-wave technologies by introducing several successful demonstrations, such as wireless 
communications, industrial uses, remote sensing, chemical analysis, and 2D/3D imaging. 


Ho-Jin Song is a research scientist in Nippon Telegraph and Telephone 
Corporation (NTT), Atsugi, Kanagawa, Japan. He received his PhD in information 
and communications engineering from Gwangju Institute of Science and 
Technology (GIST), Korea, in 2005. Since joining NTT in 2006, he has participated 
in several research programs on terahertz communications, sensing, imaging, and 
measurement system using photonic technologies and high-speed electronics. 


Tadao Nagatsuma is a professor at Osaka University, Japan. He received his 
PhD in electronic engineering from Kyushu University, Fukuoka, Japan, in 1986. 
He was with NTT from 1986 to 2007. His research interests include millimeter 
wave and terahertz photonics and their application to sensors and wireless 
communications. 
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